Abstract. The present paper reports an experimental study on the effect of finite clamping on static and dynamic characteristics of cantilever beam. The experiment is carried out with two different beams, each of which is clamped at two different locations resulting in two different geometry settings. Under each of these four settings, specimen is clamped under two different torque ratings giving rise to different finite clamping effect. Under the eight settings, coordinates of tip point under static loading are measured directly using scales and plumb at each load step; whereas, complete deflection profiles of loaded beam under each static load step are obtained through postprocessing of images captured during experimentation. Such image processing is carried out manually using AutoCAD ® and in-built AutoLISP ® software. Strain measurements at each static load step are carried out by using strain gauge, a universal data acquisition system and the associated Catman Easy ® software. To obtain loaded free vibration characteristics, loaded beam under each setting is disturbed by a rubber hammer and its dynamic response is recorded from strain gauge signal through Catman Easy ® software. These dynamic strain readings of loaded beam are post-processed and FFT plots are generated in MATLAB ® software and first two loaded natural frequencies of beam under each setting are obtained. Finally, effects of clamping torques on the static strain and deflection results and loaded natural frequencies for beam settings with the four different thickness to length ratios are reported in a suitable manner. The result reported may be useful as ready reference to develop a theoretical model of clamped beam like structures incorporating the effect of finite clamping.
Introduction
It is known that cantilever beam is extensively used as structural member and machine elements in civil and mechanical engineering applications. Traditionally stress and deflection response of cantilever beam under static loading are analyzed using Euler-Bernoulli linear model and dynamic behavior is analyzed by Euler-Lagrange equation considering zero degrees of freedom of deformation at the clamped end. However, the actual mechanical behavior of a cantilever beam cannot be predicted by such linear beam models as all structures involve some nonlinearity. Within elastic limit of beam material, nonlinearity is generally enters in the model of cantilever beam from nonlinear kinematics of deformation [1] . In addition, infinite clamping, as generally considered in theoretical models, is not possible for any clamped beam-like structures. Such difference between actual mechanical behavior and theoretical model of cantilever beam in terms of clamping effect become prominent under large deflection [2] .
Theoretical and experimental studies on geometric nonlinearity of cantilever beam under static loading are presented by many researchers [1] [2] [3] [4] . Most of the experimental works on strain measurement in beam-like structures involve strain gauge technique [3, 5] . Whereas, many other strain measuring techniques like, extensometer, machine crosshead motion are explained by Motra et al. [6] . On the other hand, displacement measurement through some direct measurement technique using several sensors like LVDT, dial gauge etc. are presented in a paper by AhuettGarza et al. [7] . Measurement of deflection profile using image processing technique is used and explained by Ghuku and Saha [2, 3] . Pai et al. [8] presented an experimental and numerical analysis of finite-element model for anisotropic beam under large deformation. Mujika [9] observed effect of shear and local deformation under low to high range of strain. Dorogoy and Rittel [10] experimentally and numerically investigated elasto-plastic beam bending under impact loading.
Large numbers of research papers are available in the basic dynamic behavior of an end loaded cantilever beam. Most of the reported works are numerical and analytical investigations [11] [12] [13] [14] , whereas pure experimental work is few some of such relevant papers are reviewed and presented here. Prasant et al. [15] reported experimental modal analysis of rectangular cantilever beam using accelerometer sensor and NI cDAQ-9171. Prasad and Seshu [16] studied experimentally modal characteristics of beam made of different materials such as Steel, Brass, Copper and Aluminum. Krishna and Padmanabhan [17] observed second mode response of flexible cantilever beam under vibro-impact at free end. Lasowicz and Jancowski [18] studied modal characteristics of a composite aluminum cantilever beam with a polymer adhesive and reported observations on effect of polymer adhesive on damping properties. Ilyas et al. [19] investigated pull-in characteristics, pull-in time and natural frequencies of electrostatically coupled silicon micro-beam for different input voltage. Armandei et al. [20] carried out free vibration experiment in bending mode with bamboo slices of different wall-thickness and studied variation of mechanical properties through frequency spectrum analysis. Hobeck and Inman [21] reported experimental observations on flow-induced vibration of dual cantilever flutter using laser displacement sensor for tip deflection measurement. Wahrhaftig and Brasil [22] studied resonate frequency of largely deformed cantilever beam using strain gauge and accelerometer. Anderson et al. [23] investigated first two modal response of parametrically excited slender cantilever beam using DC LVTD and accelerometer, and experimentally verified the dominating effects of nonlinear curvature in first mode response and nonlinear inertia in second mode of response. Zembaty et al. [24] investigated flexural vibration of cantilever beam using rotation rate sensor and strain gauge. Ikeda et al. [25] developed a high precision pressure sensor fabricated from silicon sensor and two resonant strain gauges. Djordjevich and Boskovic [26] prepared a fiber-optic sensor to measure deflected surface or curvature. Xiao et al. [27] investigated strain sensing property of carbon black filled cement-based composite (CBCC) sensor under bending at three different zones, i.e. uniaxial tension, combined compression and shear, uniaxial compression. Zhou et al. [28] performed two sets of modal tests with uniform and non-uniform thin channelled cantilever beams and obtained natural frequencies and associated mode shapes using accelerometer and LMS SCM-05 data acquisition device in association with poly-reference least squares method. Roncen et al. [29] developed an experimental set-up to perform forced vibration experiment with clamped-clamped beam and experimentally obtained nonlinear frequency-response of beam under harmonic excitation. Finally, they compared the experimental results with numerical ones obtained through nonlinear models based on methods of Harmonic Balance and non-intrusive polynomial chaos expansion technique.
Theoretical and experimental works on static and dynamic analysis of cantilever beam and its equivalent structural member considering nonlinearity due to large deflection only are reported in huge numbers. On the other hand, experimental work is rarely found. Similarly the effect of finite clamping in case of practical clamped beam-like structures are also reported rarely. Such effect becomes prominent under large deflection and in the present experimental work, effect of finite clamping torque on static and dynamic response of cantilever beam of different slenderness ratio is investigated. Variations observed in the static deflection and strain results and loaded natural frequency results with varying clamping torque are reported in an appropriate form.
Experimental Set-Up and Procedure
The experimental set-up along with some measurement instruments is presented in Fig. 1 through photographs taken from the front and right side of the set-up. In addition, main components of the set-up are shown separately through a schematic diagram in Fig. 2 . As shown in the figure, the bottom plate is grouted on top of RCC base and on this bottom plate four support columns (item 5) are fixed with the threaded joint. Another plate (item 4) is mounted on top of the columns, which holds circular nut (item 3). A specially designed spindle (item 2) is assembled with the circular nut For the purpose of experimentation two beam specimens are used, the detail dimensions of which are presented through Fig. 3 and Table 1 . These specimens are prepared from commercial steel flat bars made of structural steel (E=200 GPa, σ y =350 MPa). Each of the beam specimens is fixed in the clamping arrangement at two different locations, as shown in Fig. 3a . Such clamping at each of the clamping location divides the beam domain into three regions: free region, clamping region and loaded region. Detail dimensions of the beams are given in Table 1 , which yield lengths of the three regions as (L f =L 1 -L c /2), (L c ) and (L e -L c /2) respectively for each beam. Eight strain gauges (SG) are mounted on each of the beams for strain measurement. Their location nomenclatures are shown in the Fig. 3b with respect to the left end of the beam and detail dimensions are presented also in Table 1 . Strain gauges 1, 2, 5 and 6 are mounted on top side of the beam and strain gauges 3, 4, 7 and 8 are mounted at the bottom side of the beam. Fixing positions of strain gauges on top and bottom surface are made identical, i.e., strain gauges 3 and 4 are just below strain gauges 1 and 2 respectively and similarly strain gauges 7 and 8 are just below strain gauges 5 and 6 respectively. Strain readings from the first set of SGs are taken for CP1, while the second sets are used for CP2. showing positions of strain gauges on beam. Table 2 . The first load step (load 0) comes from tightening torque, and it is indicated by "clamping" in Table 2 . The second load step (load 1) consist of C-clamp and loading pan weight and hence it remains same (11.77 N) in all the cases. Each of these four settings is experimented with two different torque ratings. So, there are two beams (B1 and B2), each of which are clamped at two different positions (CP1 and CP2), with two different torque ratings (T1= 3 Kg-m and T2= 14 Kgm). Hence, total eight number of specimen settings are created and these combinations are shown in Table 3 . 1  B1  CP1  T1  2  B1  CP1  T2  3  B1  CP2  T1  4  B1  CP2  T2  5  B2  CP1  T1  6  B2  CP1  T2  7  B2  CP2  T1  8 B2 CP2 T2
Deflection Measurement
Measurement of tip co-ordinate: Measurement of tip coordinate for each set-up under each load step is taken by using a plumb and a 1m long steel measurement scale. The scale is used as horizontal reference by setting its origin point aligned with the centre line of spindle. The plumb is dangled from the horizontal levelling scale such that it is just touching the beam tip. Projected length along the horizontal direction is measured directly on the horizontal scale. Whereas, vertical deflection is measured from the beam tip end to the horizontal scale reading point on a simple scale. Tip coordinates of all settings are tabulated in Tables 4 and 5 . Result of tip co-ordinate measurement. Tip deflections of beam for all settings are calculated from loaded tip coordinates (x, y) given earlier in Tables 4 and 5 . These tip deflections are plotted against load and presented in Fig. 4 . In the plots, solid lines represent linear fitted deflection results corresponding to torque rating 1 and dashed lines correspond deflection results of torque rating 2.
Measurement of deflection profile: At side face of beam specimens, 40 points in equal divisions are marked along the center line. For each load step, photograph of each loaded beam is captured by using a digital camera and saved in the computer. Few photographs of the loaded cantilever at some specific load steps are shown in Fig. 5 . These photographs are used to generate complete deflection profiles of loaded beam under each setting through post processing [28] as described in the following sub-section. In the post-processing technique, the marked points are used for deflection profile measurement, taking tip deflection co-ordinate as the reference.
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Results of deflection profile measurement. Now to obtain deflection profiles, each photograph of loaded beam, as shown in Fig. 5 for some loading conditions, is taken in background of AutoCAD® software. Centre of the clamped point is considered as the origin of the beam profile and new User Co-ordinate System (UCS) is defined at this origin point. Beam profiles are drawn by using a polyline through the marked points and thus yielding center line as reference. The photograph is removed after generation of profile and the drawing is converted into block. In AutoCAD®, blocks can be scaled by different ratio along x and y directions. This scaling is done with respect to UCS using the tip coordinate data presented in Tables 4 and 5 respectively. After scaling operation, the projected beam length between origin-point to tip end is divided into ten equal divisions. Co-ordinate (x, y) of each division is identified from the profile in AutoCAD® using the in-built AutoLISP® software. Using a special purpose AutoLISP® code, these points are saved in an MS Excel® file for each setting under respective loading. Detailed description of the image processing technique used here to obtain loaded beam elastica may be found elsewhere [2, 30] . The MS Excel® files are imported into MATLAB® and deflection profiles of beam under each loaded condition are plotted and shown in Fig. 6 . In the figures, solid lines represent deflection profiles under torque rating 1 and dashed lines represent profiles under torque rating 2. It is clear from direct deflection results (Fig. 4) and deflection profiles obtained through image processing (Fig. 6 ) that deflection is always higher for torque rating 1 than 2. In addition, it is also obvious from the figures that as beam length decreases and thickness increases, i.e., beam slenderness ratio decreases, deflection difference between torque rating 1 and torque rating 2 increases. It is due to generation of locked-up moment and stress fields at the clamping zone with application of clamping force. These locked-up moment and stress fields resist deflection and hence deflection results corresponding to higher clamping torque (T2) are always lower than those of lower clamping torque (T1). Moreover, effect of the locked-up fields is local for higher slenderness ratio and it affects global deflection behavior more when slenderness ratio is less according to Saint-Venant's principle.
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Strain Measurement
Two sets of strain gauges are fixed close to the clamped end of the beam, details of which are reported earlier in description of the experimental set-up. These strain gauges are of foil type, made by Tokyo Sokki Kerkyujo Company Limited, with gauge factor-2.10 ±1%, gauge resistance-350±1.0 Ω and Transverse Sensitivity-0.3%. Each strain gauge is connected to a data acquisition system MX840B made by HBM with universal amplifier, accuracy class up to 0.05% and sample rate per channel up to 40 kS/s. The strain gauges are connected in quarter-bridge circuit to the eight channels. The HBM instrument is connected to a Laptop loaded with Catman Easy ® software to operate the HBM instrument. The beam specimens are fixed in their corresponding clamping position for the eight settings as mentioned earlier (Table 3) . Strain gauge circuits are balanced to zero strain reading at clamped condition of each specimen setting. Afterwards dead loads are applied one by one and strain-time data and plots are obtained in Catman Easy ® platform. Such strain-time plot for beam 1 at clamping position 1 under clamping torque 1 is shown in Fig. 7 . Now strain reading at each load step of each beam setting is obtained by taking average of portion of strain-time graph corresponding to the particular load step of the particular setting. Enlarged view of portion of strain-time graph corresponding to load step 2 of beam 1 at clamping position 1 under clamping torque 1 is presented as inset plot in Fig. 7 . To maintain brevity, strain readings only for beam 1 at clamping position 1 under the two torque ratings are tabulated in Table 6 . Table 6 for beam 1 at clamping position 1 are plotted against load and shown in Fig. 8 . All the load-strain plots have linear trends indicating small strain operating regime. However, difference between the strain results of same strain gauge for different torque ratings is not clearly visible in Fig. 8 . Hence, load-strain graphs for SG1 and SG2 under the different torque ratings are magnified at section B and shown as inset plot in the figure. From the visualization of section B and strain data of Table 6 , it is hard to identify regular trend of clamping effect on strain results. It may be the reason that after applying the clamping torque strain gauge circuits are balanced every time. Hence, strain gauge results show zero strain values at clamped conditions and effect of clamping torque is not manifested in the strain results. 
Strain measurement result: Strain values presented in
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Vibration Frequency Measurement
For the purpose of vibration frequency measurement, all strain gauges are again connected to the same HBM instrument as described in the previous section. After application of required clamping torque and dead load, a small impact force is applied at the suitable location of the beam and strain-time plots are captured from the HBM instrument using Catman Easy ® . An accelerometer was also mounted on beam but it could not capture signal from vibrating loaded beam due to very low frequencies and hence accelerometer readings are not further considered. Strain-time plot for beam 1 at clamping position 1 under torque 1 is shown in Fig. 9a . Strain-time plots corresponding to all the settings are exported into MS Excel ® data files in Catman Easy ® software. These MS Excel ® data files are imported into MATLAB ® and the time domain plots are converted to frequency domain plots using FFT function. FFT plot corresponding to Fig. 9a is shown in Fig. 9b . First two natural frequencies (f 1 and f 2 ) are obtained from the FFT plots of SG5 for all settings and these frequencies are tabulated in Table 7 . Vibration frequency measurement result: Data of first two natural frequencies of loaded cantilever beam as tabulated in Table 7 are plotted with load for the corresponding setting and shown in Figs. 10 and 11 respectively. In these figures, dotted points represent experimental data (Table 7) and solid lines represent the best-fitted curve. Fig. 10 is showing an obvious decreasing trend of variation of first natural frequency with load. Whereas, there is no regular trend for second natural frequency. One reason for such irregularity is due to data insufficiency in Table 7b which occurs in measurement of second natural frequency due to unavoidable noise created by vibrating dead loads placed loosely one on top of another. As it is obvious from Table 7b that this problem is more prominent at lower load steps, i.e., at higher frequency range. Another possible reason of irregular trends of second natural frequencies with load may be due to interactions of multiple modes at different load levels. Hence for clear understanding of the phenomenon, mode shapes of Fig. 12 . The figure clearly indicates that node point in the beam domain gradually moving towards tip of the beam domain with increasing static loading. Effect of clamping torque on loaded natural frequency (f 1 and f 2 ) of cantilever beam is not obvious from Figs. 10 and 11. But it is obvious from data points of Table 7a that as slenderness ratio decreases effect of clamping on first natural frequency is slightly visible, i.e., f 1 is slightly more for higher clamping torque rating than the lower clamping torque. Such effect is prominent at lower load steps and as dead load is increasing the natural frequencies for both the torque ratings become almost equal. To delve inside the phenomenon, experimental mode shapes of vibrating beams under each of the loaded conditions need to be captured. In addition, mathematical model of the experimental clamped beam system need to be developed that deals with the same question. However, observations on mode shapes of loaded vibrating beam are not possible with the present experimental set-up and the mentioned theoretical analysis is out of scope of the present paper, and hence it is left as the future scope of the present work.
Conclusions
Effect of finite clamping on static and dynamic behavior of clamped free beam has been studied experimentally. Experiment is carried with four different beam settings with different slenderness ratios. Specimens at each of these four settings are clamped under two different torque rating. Deflections under static load are measured directly at tip point, whereas deflection profiles are obtained through post processing of photographs of loaded beams. Strain responses of the beams under static load and loaded natural frequencies under each static loading subjected to free vibrations are observed using strain gauge sensors. It is obvious from experimental results that static deflections of clamped beams have decreasing trends with clamping torque under each setting. Or in other words, the locked-up fields developed in clamping region resist deformation of clamped structures. Moreover, such effect of finite clamping on deformation characteristics becomes more prominent for lower slenderness ratio. Individual static strain response for beam under each setting is found linear with loading. However, no obvious trend for clamping effect on static strain response has been observed. Similarly when strain gauge signals are used for dynamic responses, clamping effect is also not observed. However, first loaded natural frequencies have obvious decreasing trends with increasing static loading. In case of second natural frequencies, the trends are irregular indicating interactions of multiple modes at higher dead loads. The present study calls for
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